Abstract In this research, three SRTs (about 10, 30 and 75 days (without wasting the sludge except for sampling)) were applied to three reactors equipped with non-woven and coarse pore filter modules. The flux was adjusted to about 1 m/d during operation. The main objective of the study was to compare the performance and microbial population dynamics under different SRTs in this process. The results of reactors with SRTs of about 10 and 30 days have shown very good effluent quality without any clogging problem for more than 4 months of operation. For the reactor with long SRT (75 days), the filter clogging was observed after about 80 days of operation and caused an increase in the operation pressure and deterioration in effluent quality on some days. Excessive abundance of filamentous bacteria was observed in the reactor with SRT of about 10 days, which had the best effluent quality. According to the FISH results, type 021N was predominant in the reactor with long SRT, which had the clogging problem. On the other hand, other reactors (with SRTs of about 10 and 30 days) did not contain much type 021N, but some other filamentous bacteria dominated. Maximum EPS concentration (as mg/L) was observed in the reactor with long SRT. Also the abundance of two types of metazoa (Pristina sp. and tardigrades) was observed in the reactor with long SRT, which had the clogging problem and poor effluent quality.
Introduction
The coarse pore filtration activated sludge process is a type of hybrid process, which can be considered as a suitable alternative for the conventional activated sludge process. In this process, the secondary settling tank of the conventional activated sludge process is replaced by the coarse pore filter module, which separates solid from liquid. Different types of coarse pore filters can be used in this process. For example a mesh filter module was applied inside the aeration tank of the activated sludge process by Kiso et al. (2000) . The Tokyo metropolitan government has applied a non-woven and coarse pore filter in a pilotscale wastewater treatment plant (Asou et al., 1998) . This type of non-woven filter was also applied to separate effluent from mixed liquor in a laboratory scale experiment by Alavi Moghaddam et al. (2001) . The non-woven and coarse pore filter has irregular holes with the pore size ranging between 50-200 µm. The activated sludge inside the aeration tank forms a thin layer on the filter surface and the effluent can pass through this biofilm and filter pores. Because the major part of the filtration is done by the dynamic biofilm formed on the coarse pore filter, the system is sometimes called dynamic filtration (Daido et al., 2000) .
This process has some advantages over the membrane bioreactor (MBR) such as reduction of the space because of the settling tank, the reduction of bioreactor size made possible by the higher biomass concentration and enhancement of the contact time between activated sludge and organic pollutants which facilitates effective removal of biodegradable pollutant. In addition, the main advantages of applying these types of coarse pore filters in comparison to MBR are higher filter flux, less energy consumption and less capital and operating costs. For this type of filter, only 20-30 cm water head is enough for withdrawing of effluent in practice. Furthermore, the price of the filter is much cheaper than micro-filtration membranes, which can significantly reduce the initial investment and operation costs of wastewater treatment plants. There is no doubt that by applying this type of filter, the same effluent quality of the membrane process cannot be achieved, especially in terms of suspended solid concentration. However, the effluent quality of this system is usually within acceptable ranges. Therefore, application of the coarse pore filter in the activated sludge process can be introduced as an innovative and environmentally sound technology for wastewater treatment.
Information on sludge concentration and characteristics is necessary to understand the actual performance of the biological processes. It is believed that the community living in the activated sludge process has a certain structure and dynamics (Luxmy et al., 2000) . But there is very little information available about them, especially about the newly developed biological processes such as the coarse pore filtration activated sludge process. The main objective of the study was comparison of the performance and some aspects of the microbial population dynamics and their microbial products at different SRTs in the coarse pore filtration activated sludge process. In this research, sludge characteristics such as sludge concentration, extra-cellular polymeric substances (EPS), abundance and types of filamentous bacteria and metazoa were compared in three reactors operated at three SRTs. Also the relationship of the above-mentioned parameters with the system performance and the filter clogging is discussed.
Materials and methods

Experimental design and operational conditions of the reactors
Three completely mixed reactors with 10.5 L effective volume each were used in the present study. Three different SRTs (about 10, 30 and 75 days (without wasting the sludge except for sampling which is described as the reactor with long SRT in this paper)) were applied to three reactors to investigate the effect of SRT on the system performance and microbial community dynamics in a long-term experiment (more than 4 months). The flux was adjusted to about 1 m/d for all of these reactors. Hydraulic retention time of all three reactors was kept at about 8.5 hours. Also, the aeration intensity was maintained at about 2 L/min during all of the operation days.
The operation was done continuously without the air filter cleaning, water backwash and effluent recycling for all three reactors. In this experiment filter modules were sometimes washed manually. In pilot and full-scale plants, backwash and air cleaning of the filter are done to prevent filter clogging. Also recycling of the effluent to the aeration tank is performed for a short period of time (for example 3 minutes) immediately after filter backwash. This is needed to prevent the high SS effluent from leaving the reactor in these plants.
The non-woven and coarse pore filter, which was applied in this study, is made from polyesters and the range of pore sizes is between 50-200 µm. The pore shape of this nonwoven filter is irregular (Figure 1-a) . To increase the strength of this filter, it must be inserted between two layers of plastic mesh. The weight of the coarse pore filter per unit area is about 15 g/m 2 . In this experiment, speed-controlled roller pumps were used to extract effluent from the filter modules. An air diffuser was used to provide air for biological activity of microorganisms and to mix the sludge in the aeration tank of each reactor. A schematic diagram of the experimental set-up for each reactor is illustrated in Figure 1 -b.
All of the reactors were operated in a constant-temperature room at 20°C. For start-up of the reactors, recycled sludge was taken from a wastewater treatment plant in Tokyo. Total organic carbon (TOC) of the influent for the three reactors was adjusted to about 100 mg/L.
The artificial substrate was made from carbon, nitrogen, phosphorus sources, and trace elements. The main substrate was sterilized for 20 minutes at 121°C, diluted 50 times with tap water and distributed to the three reactors as influent. The composition of the concentrated substrate before dilution with tap water is given in Table 1 .
Analytical methods
The performance of the system was monitored by analyzing influent, effluent, and sludge samples for selected parameters as follows. TOC and dissolved organic carbon (DOC) were measured by a total organic carbon analyzer (TOC 500, Shimadzu Company). For measuring the effluent TOC, samples were treated with high-frequency sound waves for about 2 minutes. The effluent suspended solids (SS) was measured by applying a glass fiber filter with 1-micron pore size. Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) were measured according to Standard Methods (20th edition, 1998). A Hach turbidity meter was used for the turbidity measurement. The general morphology of microorganisms present in the biomass of the reactors was monitored microscopically. Head losses of the filter modules were monitored by vacuum gauges, which were connected to the effluent pipes.
EPS were extracted from the activated sludge by using a thermal treatment method with slight modification of the method used by Forster (1985) . This method was known to be the most effective extraction method among the various methods because it released a significant quantity of exocellular polymer from the flocs and caused less cellular disruption than the other methods. For measuring EPS, a certain amount of mixed liquor of the activated sludge was centrifuged in order to remove the bulk solution (3,500 rpm, 10 minutes). After discarding the supernatant, the remaining pellet was washed and re-suspended with pure water. The extracted solution was obtained from heat treatment (105°C, 30 minutes) of this re-suspended solution. Samples were centrifuged at 12,000 rpm for 10 minutes at 4°C and the supernatant was separated for measuring TOC, carbohydrate and protein. Phenolsulfuric acid and protein assay reagent kits were applied for measuring carbohydrate and protein, respectively.
Four common types of metazoa in the mixed liquor of each reactor were enumerated by direct microscopic counting. Population densities of these organisms were based on enumeration from 40 µL of the mixed liquid samples. Also the relative density of filamentous bacteria was evaluated by microscopic observation and quantified in terms of Jenkins' classification (Jenkins et al., 1993) . In this study the application of fluorescence in situ hybridization (FISH) with different probes was used for identification of filamentous bacteria in the sludge samples of the three reactors. Some of the probes used in this study are described in Table 2 . Grab samples of mixed liquor were collected from the aeration tanks of the coarse pore filtration activated sludge process, which were operated at different SRTs. The FISH experiments were conducted according to the procedure described by Amann (1995) .
Results and discussion
Reactors performances at different SRTs
Three different SRTs were applied to three reactors to investigate the effect of SRT on the system performance and microbial community dynamics in a long-term experiment. Flux and aeration intensity were kept constant in all the reactors. The important operation data and performance results of these reactors are summarized in Table 3 . According to these results, reactors with SRTs of about 10 and 30 days have shown very good effluent quality in terms of TOC, DOC, SS and turbidity in comparison to the conventional activated sludge process during all of the operation period. For these two reactors, variation of effluent SS and turbidity was quite stable during all of the operation days and the maximum amount of effluent SS in these reactors with SRTs of about 10 and 30 days did not exceed 8 and 10 mg/L, respectively. It should be noted that because of the nonwoven filter characteristics, especially its pore size, effluent SS and turbidity are the key parameters in this process. The head losses of filters in both reactors were very low (about 3-6 kPa) during all of the operation days.
On the other hand, the lowest removal efficiency (based on TOC) belonged to the reactor with long SRT. The effluent quality of this reactor, especially in terms of SS and turbidity, was very unstable after about 80 days of operation. The main reason for the poor effluent quality of this reactor on some days was the existence of high amounts of SS in the effluent due to increase in the negative pressure inside the module. For example, on the 84th day of the reactor operation, effluent SS and turbidity suddenly increased to 336 mg/L and 56 NTU, respectively. The negative pressure on this day reached to about 40 kPa, which was quite high in comparison to the usual negative pressure in this process (less than 8 kPa). In this reactor the filter clogging was observed after about 80 days of operation.
Microbial community analysis and EPS at different SRTs
The results of microbial community analysis and EPS contents of the sludge for the three reactors are given in Table 4 and discussed hereafter.
Filamentous bacteria abundance in the reactors. Although microscopic investigation showed the presence of filamentous bacteria in all of the reactors, the abundance of these bacteria was different. As it is shown in Table 4 , filamentous bacteria were "excessive" in the reactor with a SRT of about 10 days while the amounts of filamentous bacteria in the M.R. Alavi Moghaddam et al. reactors with SRT of about 30 days and 75 days were "abundant" and "common", respectively, according to Jenkins' classification (Jenkins et al., 1993) . Regarding these results and the performance of the reactors, it seems that greater abundance of filamentous bacteria produces better effluent quality in the coarse pore filtration activated sludge process. Filamentous bacteria may have created a good biofilm layer on the filter surface to prevent penetration of small sludge particles into the filter module.
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Filamentous bacterial community analysis by FISH. For identification of filamentous bacteria in the three reactors, the FISH method was used in the present study. The results of this investigation are shown in Table 4 . In the reactor with SRT of about 10 days, some of the filamentous bacteria were detected by the SNA probe and a few of them were detected by LDI and G2M probes. In the reactor with SRT of about 30 days, most of the filamentous bacteria were detected by the SNA probe and a few of them were detected by the G2M probe. According to the FISH results for the reactor 3, almost all of the filamentous bacteria were detected by the G2M probe. It means group II of type 021N was predominant in the reactor with long SRT. The result of the detection of the filamentous bacteria in this reactor by EUB 338 and G2M probes is shown in Figure 2 .
Comparison of EPS contents of activated sludge bulk in the reactors. Microbial EPS are high molecular weight mucous secretions of bacteria and microalgae (Zhang et al., 1999) . Nagaoka et al. (1996) reported that EPS accumulated in the aeration tank of the membrane separation activated sludge process, which caused an increase in mixed liquor viscosity and thus in the filtration resistance. Chang and Lee (1998) reported the EPS contents of activated sludge could be an indicator for estimating membrane fouling. Although the mechanism of the coarse pore filtration activated sludge process and the membrane bioreactor is different, EPS may have an important role in the coarse pore filter clogging. The average of the sludge EPS of the three reactors for the last two months of operation including TOC, protein and carbohydrate (based on mg/mg VSS and also mg/L) is compared in Table 4 . Maximum EPS contents of the sludge bulk based on mg TOC/g VSS belonged to the reactor which operated at minimum SRT (about 10 days). Chang and Lee (1998) reported similar observations of higher EPS contents per gram sludge (as MLSS) at shorter SRT. When considering the concentration of EPS as mg TOC/L, the maximum concentration was observed in the reactor with longest SRT, mainly because of the high MLSS concentration in this reactor.
Presence of metazoa in different reactors. Three types of worm (Pristina sp., Aeolosoma hemprichi and Nematoda) and tardigrades (Macrobiotus) in the sludge were counted. The numbers of these organisms in the different reactors are shown in Table 4 . In the reactor with long SRT, the majority of metazoa belonged to Pristina sp. and tardigrades. Pristina sp. is a very big worm of a size ranging between 3-6 mm, which may change the microbial community dynamics of the activated sludge inside the reactors. On the other hand, these types of metazoa were not present in a large number in the reactor with SRT of about 10 days, which had the best effluent quality during the operation.
Characteristics of sludge which cause clogging. The filter clogging was only observed in the reactor with long SRT after about 80 days of operation. It is important to study the possible factors that may play a role in the filter clogging. The sludge characteristics can help us to find out more information about the filter clogging in this reactor. General characteristics of this sludge are summarized as follows:
• High MLSS (up to about 7,000 mg/L) • Less abundance of filamentous bacteria (in comparison to the other reactors)
• Domination of Type 021N bacteria • High numbers of some types of metazoa (Pristina sp. and tardigrades)
• High EPS content (as mg/L) Any of the mentioned aspects of microbial community analysis might have some effects on the filter clogging in this reactor. On the other hand, some of these parameters are directly correlated to each other like EPS and MLSS. Among all of them, less abundance of filamentous bacteria and high numbers of some types of metazoa in the sludge bulk of this reactor can be considered as major factors, which may have some effects on the filter clogging. Anyway more research is necessary to find out the effect of microbial community dynamics and their products on the coarse pore filter clogging.
Conclusions
Effluent quality of the reactors with SRTs of about 10 and 30 days was excellent without any filter clogging. The filter clogging was observed after 80 days of operation in the reactor with long SRT which caused poor effluent quality on some operation days. Excessive abundance of filamentous bacteria was observed in the reactor with SRT of about 10 days, which had the best effluent quality. The reactor with filter clogging tended to have high MLSS, less abundance of filamentous bacteria, domination of Type 021N bacteria, high numbers of Pristina sp. and tardigrades and higher EPS concentration (as mg/L). It seems that the microbial community structure affects the clogging of the non-woven and coarse pore filter. More research is necessary to find out the effect of sludge characteristics on the coarse pore filter clogging.
